A B S T R A C T We measured steady-state lung lymph flow, lymph protein flow, and simultaneous pulmonary vascular pressures in 12 1-wk-old unanesthetized lambs and compared these measurements to those of previous studies, performed under similar conditions, on nine awake adult sheep. The purpose of these experiments was to compare newborn and adult sheep with respect to transvascular filtration of fluid and microvascular permeability to plasma proteins. We prepared the lambs surgically to isolate and collect lung lymph and measure average pulmonary arterial and left atrial pressures, allowing at least 2 days for the lambs to recover from surgery before studies began. Lambs had higher pulmonary arterial and left atrial pressures, lower lymph and plasma protein concentrations, and 57% more lymph flow per gram of dry bloodless lung than sheep; the difference in protein flow between lambs and sheep was not significant. Protein concentration in lymph relative to that in plasma was significantly lower in lambs than in sheep; but the ratio of albumin concentration to globulin concentration in both lymph and plasma was almost identical in the two groups of animals. Extravascular lung water per gram of dry bloodless lung was greater in lambs (4.82+0.11 g) than in sheep (4.45+0.08 g), but there was no histologic evidence of pulmonary edema in either group of animals. These findings suggest that lambs have more transvascular filtration of fluid per unit lung mass than sheep, but that microvascular sites for protein exchange do not differ appreciably in lambs and sheep. To test this conclusion, we measured steady-state lymph flow in three lambs before and after raising pulmonary microvascular pressure by rapid intravenous infusion of saline. Lymph flow increased as a function ofthe net transvascular driving pressure (hydraulic pressure gradient-protein osmotic pressure gradient). This response was almost identical to that of four sheep with pulmonary microvascular pressure augmented by inflation of a balloon in the left atrium. In eight lambs we measured the time for intravenously injected 1251_ albumin to equilibrate in lymph at half the specific activity of plasma: the protein tag equilibrated faster than in sheep. This difference could be explained partly by the higher pulmonary arterial and left atrial pressures oflambs than sheep, and possibly by the presence of more microvascular sites for protein exchange relative to the volume of distribution of protein in the lung of the younger animals.
A B S T R A C T We measured steady-state lung lymph flow, lymph protein flow, and simultaneous pulmonary vascular pressures in 12 1-wk-old unanesthetized lambs and compared these measurements to those of previous studies, performed under similar conditions, on nine awake adult sheep. The purpose of these experiments was to compare newborn and adult sheep with respect to transvascular filtration of fluid and microvascular permeability to plasma proteins. We prepared the lambs surgically to isolate and collect lung lymph and measure average pulmonary arterial and left atrial pressures, allowing at least 2 days for the lambs to recover from surgery before studies began. Lambs had higher pulmonary arterial and left atrial pressures, lower lymph and plasma protein concentrations, and 57% more lymph flow per gram of dry bloodless lung than sheep; the difference in protein flow between lambs and sheep was not significant. Protein concentration in lymph relative to that in plasma was significantly lower in lambs than in sheep; but the ratio of albumin concentration to globulin concentration in both lymph and plasma was almost identical in the two groups of animals. Extravascular lung water per gram of dry bloodless lung was greater in lambs (4.82+0.11 g) than in sheep (4.45+0.08 g), but there was no histologic evidence of pulmonary edema in either group of animals. These findings suggest that lambs have more transvascular filtration of fluid per unit lung mass than sheep, but that microvascular sites for protein exchange do not differ appreciably in lambs and sheep. To test this conclusion, we measured steady-state lymph flow in three lambs before and after raising pulmonary microvascular pressure by rapid intravenous infusion of saline. Lymph flow increased as a function ofthe net transvascular driving pressure (hydraulic pressure gradient-protein osmotic pressure gradient). Received for publication 6 (7), to isolate and collect lung lymph and measure average pulmonary arterial (ppa)l and left atrial (Pla) pressures. We performed two thoracotomies on each lamb, the first within 48 h after birth and the second 4-7 days later. The animals received nitrous oxide and halothane anesthesia and were ventilated with a volume respirator (Model 607, Harvard Apparatus Co. Inc., Millis, Mass.) during surgery. Before and after surgery and between experiments, the lambs remained with their ewes for feeding and warmth.
In the first operation, we placed polyvinyl catheters (Tygon Tubing, Akron, Ohio) in the thoracic aorta, both atria, and the pulmonary artery. After the lambs recovered from surgery, we did a second thoracotomy to obtain pulmonary lymph. In fetal and newborn lambs and adult sheep, close to two-thirds of the lung lymph flows into the thoracic duct by way of the caudal mediastinal lymph node (3, 8) , which is a long, narrow structure located in the posterior mediastinum between the aorta and the esophagus on the right side of the chest. We ligated and severed the systemic contributions to that lymph node and inserted a heparinimpregnated polyvinyl catheter, internal diameter 0.011 or 0.015 inches, into the efferent duct of that node for collection of nearly pure pulmonary lymph. Previous studies on adult sheep demonstrated that this fluid is not contaminated appreciably by lymph of systemic origin (7) . We tunneled the catheter beneath the pleura and brought it through the chest wall, securing it to the skin with a suture, and placed a polyvinyl catheter in the pleural space for postoperative drainage of pleural fluid and air. After surgery, we allowed the lambs at least 2 days to recover and did not begin experiments until the pleural cavity was free of fluid and the lymph contained no visible blood and was flowing at a steady rate.
Base Postmortem studies. At the conclusion of the experiments on each animal, we injected sodium pentobarbital, 20 mg/kg, and heparin into the right atrium, placed the lamb in the supine position, ventilated the lungs with 20 ml/kg of air via the Harvard respirator, and rapidly split the sternum to excise both lungs. We cross-clamped the hila of the lungs at end-inspiration with the heart still beating and removed the lungs for measurement of extravascular water and dry bloodless lung weight.
From four lambs we removed and quickly froze the inflated lungs in liquid nitrogen; we prepared a piece of one lung by the method of Storey and Staub (9) and examined frozen sections for histologic evidence of pulmonary edema.
Analytic methods. We centrifuged samples of lymph and blood and measured the concentration of total protein in the supemates by the Biuret method (10) and albumin and globulin fractions by cellulose-acetate electrophoresis (Microzone 110, Beckman Instruments, Inc., Fullerton, Calif.). We measured arterial oxygen (PaO2) and carbon dioxide (PaCO2) tensions and pH at least once during each experiment (acid-base analyzer, Radiometer Co., Copenhagen, Denmark).
For the radioactive tracer studies, we transferred 0.1 ml of each lymph and plasma sample into noncontaminated test tubes, using an Eppendorf microliter pipet (Germany), then counted all samples for 1 min in a Searle 512 multichannel pulse-height analyzer (Searle Analytic Inc., Des Plaines, Ill.), and calculated the specific activity by dividing the counts per minute by the concentration of albumin in each sample. We constructed a regression line by plotting the ratio of lymph specific activity to plasma specific activity as a function of time after injection, and from that determined the time at which lymph specific activity reached halfthe plasma specific activity.
Before each 125I-albumin experiment, we precipitated a sample of Albumotope (E. R. Squibb & Sons, Inc., New Brunswick, N. J.) in 20% trichloracetic acid, centrifuged the specimen, and counted the supernate to ascertain that the 125I was bound to the albumin. In every case, we recovered <2% of the radioactivity in the protein-free supernate.
We measured extravascular lung water per gram of dry bloodless lung weight for all lambs by a modification (11, 12) of the method described by Pearce et al. (13), but we made these measurements for only six lambs following baseline experimental conditions, as described above. We killed the other lambs after different types of experiments, which may have altered their extravascular lung water content. In every case, however, we calculated the weight of dry bloodless lung in order to express pulmonary lymph flow and protein flow (lymph flow x lymph protein concentration) relative to the weight of lung tissue rather than body weight. In addition, we expressed protein flow in relation to the concentration of protein in the plasma of each animal.
Statistics. We averaged the results for all experiments performed on each animal and, in addition, summarized those data by taking the average +1 SE for measurements made on the 12 lambs. We compared these results to those of previous steady-state base-line experiments on unanesthetized sheep before hypoxia (6) or hyperoxia. We used either the unpaired t test or the nonparametric rank sum test (14) for statistical analysis and accepted P < 0.05 as indicative of significant differences. Saline-infusion studies. Fig. 1 ferences in net transvascular movement of fluid and protein in the lung (6-8, 11, 12, 17, 18) , assuming that the protein concentration of lung lymph closely approximates that of pulmonary interstitial fluid. Two recent studies offer strong support for that assumption: Vreim et al. (19) found that the protein concentration of lung lymph was almost identical to that of free interstitial fluid in sheep with pulmonary edema, and Nicolaysen et al. (20) (21), was lower in lambs than in sheep, a finding which Guyton and Lindsay (22) observed may facilitate pulmonary edema. Though the difference between plasma and lymph concentrations of protein was greater in lambs than in sheep, the calculated transvascular difference (plasma minus lymph) for protein osmotic pressure was 1 torr greater in sheep than in lambs. This is because the relationship between plasma protein concentration and protein osmotic pressure is nonlinear; that is, osmotic pressure per gram of plasma protein is less at lower than at higher protein concentrations (21). These differences favor greater filtration of fluid across the pulmonary vascular endothelium of lambs; therefore, it is not surprising that more lymph flowed from lambs than from sheep (relative to dry bloodless lung weight). As expected in the presence of increased lymph flow, average protein flux out of the circulation, in relation to lung weight and plasma protein concentration, also was greater in lambs, though this difference was not significant.
Comparing ratios of albumin and globulin in lymph and plasma of lambs and sheep may help to distinguish differences in fluid filtration from differences in membrane permeability. Brigham and Owen (23) found that the ratio of the concentration of albumin to that of globulin in pulmonary lymph of sheep did not change significantly when Pla was increased by an average of 11 torr; in the same animals, they demonstrated a decrease in the albumin: globulin ratio in five of six sheep given histamine, an agent which they showed increases pulmonary microvascular permeability to plasma proteins. The fact that the concentration of albumin relative to globulin in both lymph and plasma was almost identical in lambs and sheep suggests that molecular sieving across the vascular endothelium did not differ appreciably in the two groups of animals.
Brigham et al. (11) showed that elevating vascular hydraulic pressure in the presence of increased microvascular permeability augments pulmonary lymph flow to a much greater extent than when normal permeability exists. We raised vascular pressures in three lambs by rapidly infusing saline into the right atrium; lymph flow increased, just as it did in four sheep (6) when we elevated pulmonary microvascular pressure by inflating a balloon in the left atrium. greater in lambs than in sheep; the sum of pressures increased more after saline infusions to lambs than after balloon tamponade ofthe left atrium in sheep; but the rate of change in lymph flow as a function of transvascular pressure was almost identical in lambs and sheep, indicated by the slope of the lines (average of 0.008 ml/g per h per torr for both). The difference in the evoked pressure gradients between lambs and sheep is at least partly the effect of our methods of raising microvascular pressure-infusions of saline lead to hemodilution of the plasma and thereby decrease the transvascular gradient for protein osmotic pressure, whereas inflation of a balloon in the left atrium induces hemoconcentration of the plasma (12) , causing an increase in the transvascular gradient for protein osmotic pressure. The results of these seven studies again emphasize the similarity between the permeability-surface area product of the pulmonary microvascular membrane in lambs and sheep.
It is noteworthy that intravenous infusions of furosemide decreased lung lymph flow and lymph protein flow of lambs to rates approximating those measured in sheep under base-line conditions (25) . This decline in lymph and protein flow accompanied a 10% increase in the concentration of plasma proteins and a decrease of Pla to 1 torr, changes induced by hemoconcentration from diuresis. These observations underscore the importance that small differences in transvascular pressures may have on lung fluid filtration and lymph flow in lambs.
Enhanced protein permeability of the microcirculation in the lung implies that the flow of protein across the endothelium into the interstitial space increases out of proportion to the increase of liquid flow. In previous experiments performed on 39 sheep (6, 11, 12, 22, 26) Our finding that total protein concentration in lymph relative to plasma was lower in the younger animals is consistent with a greater transvascular hydraulic pressure gradient in lambs than sheep, producing more filtration of fluid. The observation that albumin concentration in lymph relative to plasma was higher than that of total protein in both lambs and sheep emphaLung Fluid Dynamics in Awake Newborn Lambssizes the fact that irrespective of maturity, albumin traverses the vascular endothelium more rapidly than the larger globulin molecules.
Humphreys et al. (3) noted that the concentration of proteins in lymph and plasma was higher in lambs than in sheep. Boyd et al. (4) reported that the concentration of both albumin and globulin in lymph relative to plasma was greater in newborn than in older sheep. They did not measure pulmonary vascular pressures. We cannot explain the striking discrepancy between their results and ours, but they would appear to reflect a substantial difference in hydration. We have not discovered a single lamb with a plasma protein concentration of greater than 8 g/dl, which Humphreys et al. (3) reported as the average concentration for newborn lambs in their studies.
Based on their data, these investigators derived a pulmonary microvascular pore radius of 90A for lambs, compared with 130 A for older sheep; they calculated the pore area per unit path length of pulmonary capillaries in lambs to be 16Y2 times greater than that in sheep (4) . To achieve these differences in the presence of the aforementioned pore radii, Boyd et Finally, we must explain why other investigators have found a three-to fourfold difference in lymph flow between lambs and sheep in acute experiments (2) (3) (4) , compared with the 57% difference we are reporting. Although there was an eightfold difference in body weight between lambs and sheep, the lung tissue of the lambs was only one-fourth the mass of lung tissue of the sheep. Therefore, if we relate lymph flow to body weight, as Strang and his co-workers did (2-4), the difference is more than 200%, much greater than if we relate lymph flow to dry bloodless lung tissue, perhaps a more appropriate index of pulmonary transvascular fluid filtration. Likewise, relative to body weight, protein flow in lambs was 154% greater than in sheep; in relation to dry lung tissue, the difference was small and not statistically significant.
We would prefer to express pulmonary lymph flow in relation to pulmonary microvascular surface area, rather than dry bloodless lung weight, but there is no available data regarding the relationship of pulmonary microvascular surface area to body weight during postnatal development of sheep (27) . In morphologic studies of rats, however, Burri et al. (28) found that specific lung volume (lung volume/body weight) decreased significantly from 1 to 131 days of age. This decrease was comparable to our observation of a lower specific lung weight in adult sheep than in newborn lambs. Furthermore, Burri et 
